Intra-articular injections of hyaluronic acid based solutions are gaining popularity as a treatment option for non-operative management of patients with degenerative joint diseases. Although there is a plenty of evidence for lowering of friction in large human joints by exogenous hyaluronic acid, the physical phenomenon standing behind these results has not been clarified yet. This leads to large dispersion in effectiveness and duration in action of viscosupplementation as a treatment for osteoarthritis and; subsequently, to disparity between the view of practitioners and recent procedures questioning or disregarding the efficiency of hyaluronic acid injections. In this study, the changes in friction between intact porcine cartilage and glass plate during reciprocating sliding tests were observed to better understand interaction between hyaluronic acid and synovial fluid components. Contact was lubricated with protein solutions both with and without addition of hyaluronic acid. The effectiveness of proteins and influence of hyaluronic acid on friction are discussed.
Introduction
Articular cartilage covers sliding surfaces in large synovial joints like hip or knee. It is biological tissue composed of solid and fluid phase, which determines its mechanical properties. Solid phase is composed of extracellular matrix from collagen fibers and proteoglycans. Gaps between matrix are filled with fluid phase consisted of water and electrolytes. It is widely known that articular cartilage maintains great lubricating properties with extremely low friction and minimal wear and can absorb impact loads quite well. These excellent properties are achieved by interaction between its solid and fluid phase (Lees, 2016) .
Osteoarthritis is degenerative joint disease characterized by imbalance between synthesis and wear of articular cartilage. It is one of the most common disorders of musculoskeletal system, which affect nearly 70 % of 70 year olds (Forsey, 2006) . Surface of cartilage shows arear of softening, fibrillations or erosions. In the later stage, there may even be areas of cartilage loss. One of the noninvasive methods for curing this disease is viscosupplementation, which consist in intra-articular injections with preparations based on hyaluronic acid. The original idea of viscosupplementation (Balazs, 1993) was to improve rheological properties of synovial fluid. Better viscoelasticity of synovial fluid should lead to lower friction and better shock absorption abilities. However, medical studies (Ghosh, 2002) shown positive effect of viscosupplementation even 6 months after injection whilst exogenous hyaluronic acid can be detected in synovial fluid just few weeks after injection. This points out on another effects of hyaluronic acid like synthesis of endogenous hyaluronic acid or anti-inflammatory effect (Altman, 2015) . However, the dominant effect of viscosupplementation and physiological phenomenon responsible for these results was not clarified yet. This leads to big dispersion in effectiveness and duration of action.
The effectiveness of hyaluronic acid in lowering friction was already proved. Addition of hyaluronic acid to basic solution -PBS (Bell, 2006) or Ringers solution (Forsey, 2006) leads to decrease of friction coefficient. Interaction between hyaluronic acid and other synovial fluid components seems to be very important. Addition of phospholipids to hyaluronic acid solution leads to more pronounced lowering of friction. On the other hand, Schmidt (2007) published data where addition of phospholipids into solution of hyaluronic acid and proteoglycans did not lead to any significant changes in friction coefficient.
Proteins play significant role in lubrication of articular cartilage too. According to Murakami (2007) addition of albumin to basic solution leads to increase of friction in artificial cartilage while addition of γ-globulin with same concentration leads to decrease of friction. Solution of both proteins reported even lower friction than γ-globulin. In the following paper (Murakami, 2013) authors mixed protein solutions with hyaluronic acid and phospholipids with different impacts on friction. However, the lowest values of friction coefficient were obtained for solution consisted of all 4 substances.
Materials and Methods
Reciprocating tests for the sliding pair of stationary flat plate from optical glass (B270) and moving porcine cartilage specimen were conducted in commercial tribometer Bruker UMT TriboLab in pin-on-plate configuration. Coefficient of friction was investigated as a function of time, while the contact was lubricated with various lubricants composed of proteins and hyaluronic acid. Schematic illustration of experimental device is displayed in Fig. 1 . Intact cartilage specimens with underlying subchondral layer were prepared from porcine femur. Cylindrical cartilage specimens with diameter of 5.6 mm were extracted from femoral head using a hollow drill. After preparation, the specimens were stored in freezer at -20 °C in PBS solution for no more than 2 weeks. It has been reported (Szarko, 2010) that storing articular cartilage under these condition does not change its mechanical properties. Half an hour before the experiment, cartilage was removed from freezer to thaw at room temperature. Albumin + γ-globulin 24.9 6.1 -6
Albumin + γ-globulin + HA 24.9 6.1 10 6
Lubricants are PBS solutions containing bovine serum albumin, γ-globulin from bovine blood and hyaluronic acid. The combinations of lubricant constituents used in friction tests and their concentrations are shown in Tab. 1. Concentrations of proteins are based on paper given by Galandáková et al. (2016) , where authors performed an extensive study focused on analysis of composition of synovial fluid of different orthopedic patients. Concentrations of albumin and γ-globulin correspond to synovial fluid of patients with end stage of osteoarthritis. Simple protein solutions were prepared and stored overnight in refrigerator to enable proteins to completely dissolve in PBS. Concentration and molecular weight of hyaluronic acid correspond to commercially produced viscosupplements. Hyaluronic acid was prepared in extra solution, and was mixed in 1:1 ratio with protein solution in magnetic stirrer before experiment.
The reciprocating tests were conducted at sliding speed of 10 mm/s and stroke length of 20 mm under constant load of 5 N resulting to contact pressure equal to 1 MPa. To mimic temperature of human body, lubricant was heated to 37 °C via heating cartridges in steel chamber. Before each experiment, unloaded cartilage sample was immersed in lubricant for 320 s to let cartilage soak with lubricant. After that, cartilage was loaded and test immediately began. The friction force was continuously monitored through force sensor.
Results and discussion
First set of experiments was conducted with lubricants containing only the proteins. Time-dependent frictional behaviors for all 3 lubricants are shown in Fig. 2 . γ-globulin seems to be more effective lubricant than albumin despite its lower concentration in solution. The initial values of friction coefficient are 0.04 for γ-globulin and 0.1 for albumin which is more than two times higher value. At the end of the measurement, friction coefficient reached the highest values for both solutions -0.14 for albumin and 0.28 for γ-globulin. γ-globulin has a strong hydrophobic nature (Murakami, 2011) and in aqueous solutions can adsorb quite easily onto friction surfaces. Moreover, it shows strong bonding with mating molecules. On the other hand, albumin with superior hydrophilic property creates layers with low shearing resistance and thus can easily desorb. Values of friction coefficient for solution containing both proteins are very similar with γ-globulin in first two minutes of the test. After this, they start to increase more rapidly. This can be explained by mechanism published by Nečas (2015) . During adsorption of proteins on solid surfaces, γ-globulin forms thin protein layer; therefore, friction is very similar to γ-globulin solution at the beginning of the test. After this, albumin adsorbs onto this layer and friction coefficient starts to increase more rapidly. Fig. 3 : Frictional behavior of protein solutions with hyaluronic acid. Rebenda D., et al. 711 Result for solutions containing hyaluronic acid are shown in Fig. 3 . The highest values of friction coefficient are obtained for solution of γ-globulin and hyaluronic acid. Friction is even higher than in the case of simple γ-globulin solution. γ-globulin probably prevents adsorption of hyaluronic acid onto cartilage surface, leading to increase of friction eventually. Mixing of albumin and hyaluronic acid leads to decrease of friction. Friction coefficient dropped from 0.28 to 0.15 after 300 seconds of the test. Mixing of these two substances seems to be synergistic. This effect is not so significant in the case of solution of all three substances due to presence of γ-globulin in solution.
Conclusion
In this study, changes of friction as a function of time for intact articular cartilage against glass plate were observed. Contact was lubricated with solutions containing proteins albumin and γ-globulin and hyaluronic acid. γ-globulin seems to be more effective lubricant than albumin due to stronger adsorption on cartilage surface. Mixture of both proteins exhibits the lowest initial values of friction coefficient. The coexistence of γ-globulin and hyaluronic acid was not effective for reduction of friction. On the other side, coexistence of hyaluronic acid with albumin or with mixture of proteins seems to be synergistic. This effect is more noticeable in the case of albumin solution. For detailed clarification of presented data could be helpful in situ observation of contact through optical methods. Their benefit was already presented in the field of biotribology of hip joint replacements (Nečas, 2015 and Nečas, 2018) .
